The microscopic process of oxidative etching of two-dimensional molybdenum disulfide (2D MoS2) at an atomic scale is investigated using a correlative TEM-etching study. MoS2 flakes on graphene TEM grids are precisely tracked and characterized by TEM before and after the oxidative etching. This allows us to determine the structural change with an atomic resolution on the edges of the domains, of well-oriented triangular pits and along the grain boundaries. We observe that the etching mostly starts from the open edges, grain boundaries and pre-existing atomic defects. A zigzag Mo edge is assigned as the dominant termination of the triangular pits, and profound terraces and grooves are observed on the etched edges. Based on the statistical TEM analysis, we reveal possible routes for the kinetics of the oxidative etching in 2D MoS2, which should also be applicable for other 2D transition metal dichalcogenide materials like MoSe2 and WS2.
hydrodesulphurization (HDS) reactions and hydrogen evolution reduction (HER) reactions [15] [16] , as the etching is initiated preferably from defective sites [17] [18] [19] [20] [21] . Nonetheless, oxidative etching can also be used for visualizing grain boundaries and atomic vacancies in 2D MoS2 films upon heating in air, and UV illumination in the presence of O3 and/or silver nanoparticles [22] [23] [24] .
At the relatively lower temperature regime, oxidation and the subsequent aging effect have become critical issues for 2D TMD materials towards its practical applications, and they exhibit poor air stability with a degrading performance upon long-term air exposure. Microscopically, chemically adsorbed oxygen onto monolayer MoS2 causes its carrier type to change from n-type to p-type in a MoS2-based field effect transistor, owing to charge doping [25] . Furthermore, the atomically absorbed oxygen is also regarded as the major contributor to the substantially enhanced photoluminescence in monolayer MoS2 [20] . Recently, Yamamoto et al. [26] demonstrated that the oxidization of the top-few layers in tungsten diselenide flakes will provide good dielectric layers for device fabrication and passivation.
Currently, there have been a number of microscopic mechanisms proposed to clarify the roles played by a few important parameters and the associated kinetics for the oxidative etching in 2D MoS2. For instance, the anisotropic etching mechanism can explain the formation of well-oriented triangle pits with zigzag edges [19] [20] , although the assignment of edge structures is still controversial (either ZZ-Mo or ZZ-S). Moreover, the role played by oxygen and its interaction with exiting atomic detects has been addressed theoretically [27] [28] , while the atomic process for the reaction pathway remains unclear. Hence, whether any atomic or cluster forms of oxygen resides in the oxides is inconsistent among different reports. All these issues are essential to reveal the microscopic mechanisms and kinetics of oxidative etching and other oxidation behavior in 2D TMD materials, and the subsequent tunability of structures and properties. Herein, we carry out a correlative oxidative etching-STEM study to reveal the kinetics for oxidative etching in monolayer MoS2. By directly comparing the structural evolution of the edges, triangle pits and grain boundaries of MoS2 flakes, we propose a possible route for the microscopic reaction pathway during oxidative etching in monolayer MoS2.
Material and Methods
MoS2 samples were grown on graphene-supported TEM grids, according to the reported method [29] .
We conducted STEM characterization on the same MoS2 flake before and after oxidative etching, without any chemistry-based transferring process. Oxidative etching was performed by heating the samples inside a mini-CVD furnace (Lindberg) in air. The furnace was heated up to 300 °C in 10 minutes, and held at this temperature for 5 minutes for the etching. Subsequently, the TEM grids were immediately removed from the furnace for further characterization. ADF-STEM was performed in an aberration-corrected FEI Titan STEM, with ChemiSTEM capability, operated at 200 kV. The convergence semi-angle for the incident electron probe was set to ~22 mrad, and the half-angle for image collection was set to ~43 to ~200 mrad. The electron probe current was ~70 pA, and the dwell time per pixel was ~10 μs during the imaging, corresponding to an electron dose level of ~30 e/nm 2 . The STEM images, without noticeable structural damage on the oxidized MoS2, were used for further analysis, which were mainly recorded during the first few rounds of beam scanning. and ZZ-S edge belong to the same crystalline orientation (-1010), and the only difference was that there was a bare Mo atom attached to the outmost sulfur, similar to the Klein edge in graphene [30] [31] . Fig. 1(c) and 1(d) show the structure evolution of a MoS2 monolayer before and after oxidative etching.
Results and Discussion
As is clearly seen, the monolayer undergoes a dramatic change in the morphology, from a triangle to an irregular polygon, with considerable mass loss during the etching. Here, the well-oriented triangular pits are rarely observed, which is in contrast to previous reports. This will be discussed in detail below. Local edge terminations of different segments along the edge of the etched MoS2 flake are marked as shown in Fig. 1 (e).
Profound terraces with atomic steps and local grooves were formed on the edges as a result of oxidative etching. . Under the same conditions for oxidative etching, ZZ-terminated Mo atoms seemed to be thermodynamically more stable than ZZ-terminated S atoms, which resulted in the formation of ZZ-Mo dominant terminations on the pits. This explanation is also consistent with previous studies that reported that oxidation was preferably initiated from the pre-existing atomic S vacancies inside a domain or the under-saturated S atoms on the edge, as they could facilitate the adsorption and dissociation of oxygen molecules, and thus promoted the oxidation reaction [32] . The less-common triangular pits on oxidative etched MoS2 flakes on graphene, which we observed, further supported this explanation. During our ADF-STEM imaging, very few sulfur vacancies were observed on the as-grown MoS2, except for those caused by beam damage during the STEM characterizations. As such, it became difficult for oxidation to occur at the interior single-crystalline domain of the high-quality MoS2 monolayer. This was also consistent with previous studies that reported MoS2 grown on graphene substrate is usually of high quality. To determine the possible atomic pathway for the oxidative etching, we performed a detailed analysis on the evolution of the edge structures at an atomic scale over a number of oxidative etched MoS2 flakes.
Two representative examples are given in Fig. 3(a) MoS2 + O2 → MoO3↑ + SO2↑
As the ZZ-S-Mo edge and ZZ-S edge belong to the same crystalline orientation (-1010), and no obvious difference was observed in the residual morphology of these two edges after etching, we only focused on the case of the ZZ-S edge. As the oxygen molecules were preferentially chemically adsorbed onto the unsaturated S atoms on the edge, more S vacancies were formed and more unsaturated S atoms were exposed by the evaporated gas molecules. Such defects then became new starting points for the oxidative etching reaction. As the ZZ-Mo edge was energetically more stable, the reaction tended to continue along the S-terminated directions (marked by blue arrows in Fig. 3(b) , 3(c)), leaving ZZ-Mo steps, which resulted in a groove morphology (blue dotted curves in Fig. 3(a)-3(c) ). The observed grooves exhibited a relatively large curvature radius, rather than coned structures, which was probably a result of the local strain or the relatively higher reaction barrier at the Mo-terminated edges. Similar to previous reports [18] [19] [20] , no MoOx particles were observed, indicating that all the reaction products evaporated in gas form. It can be inferred that the production gas was not the sublimated MoS2, but MoO3 and SO2, since such etching cannot occur without oxygen [24] . However, in the case of the ZZ-Mo edges, oxygen molecules first bonded with unsaturated Mo atoms, forming Mo vacancies with exposed S atoms. The reaction then continued from generating unsaturated S atoms, owing to the preferentially crystalline orientation of the ZZ-S edge.
Therefore, the etching direction was parallel to the ZZ-Mo edges (blue arrows in Fig. 3(e) ). The atoms were peeled off layer by layer, forming relatively large atomic steps (yellow arrows in Fig. 3(d), 3(e) ). Atomic steps with different heights were observed, since the absorption of oxygen molecules occurred randomly along the ZZ-Mo edge. Preferential etching was also observed along the grain boundaries of MoS2 monolayers. In Fig. 4 , the different domains are labelled with different colors, and they are also highlighted in the fast Fourier transform (FFT) using the same colors (original images shown in Fig. S5 ). The atomic resolution ADF-STEM images indicate that the oxidative reaction in the grain boundary (GB) started from the center to both ends, probably arising from the strain release at the ends of the GBs. Previous studies [23, 34] have indicated that GBs are generated from the reconstruction of dislocated cores when two domains merge with each other during growth, leading to plenty of unsaturated S atoms [35] [36] . Therefore, atomic steps consisting of a ZZ-terminated Mo edge were still dominant at the residual edges, which indicated the same etching mechanism as that at a domain edge. Quantitative statistics were carried out to understand the relationship between the residual edge structure and etching position. From the histograms shown in Fig. 5 , the ZZ-Mo edge (in blue) occupied above 70% of all the etching positions, suggesting it was relatively passivated in the oxidative etching reaction. Interestingly, when the etching occurred at the domain edges, there was almost no difference in the relative proportions of the ZZ-S edges and ZZ-S-Mo edges, while in GBs and inner domains, there were more ZZ-S edges than ZZ-S-Mo edges. The difference in structure where the oxidative etching originates could be a reasonable explanation for this observation. That is, after etching, both ZZ-S and S-Mo edges do not exist in long atomic step form, except for in the domain edge case, where the extra ZZ-S and S-Mo edges result from the original ZZ-S and S-Mo edges in the as-grown MoS2 (in Fig. 1(b) ). However, in the other two cases, most of the ZZ-S edges were counted as the corners of the atomic steps consisting of ZZ-Mo edges (yellow arrows in Fig. 3(d) , 3(e)), in which quite a few ZZ-S-Mo edges were found. An atomic process can be clearly inferred from our experimental results, that is, oxygen reacts first with unsaturated S atoms, which are abundant in GBs, ZZ-S edges and S vacancies, and unsaturated Mo atoms, rich in ZZ-Mo edges, then diffuses to the inner domain along certain crystalline orientations. Similar to graphite, two possible reaction routes are raised [37] [38] [39] : one is the oxygen gas directly reacts with the reactive defects sites on the basal plane of MoS2 (Eley-Rideal (ER) mechanism), the other is the oxygen molecules are first chemisorbed and then migrate to react with the active sites on the MoS2 surface (Langmuir-Hinshelwood mechanism). However, it still remains unclear if there are residual O atoms. As previously discussed, there were no clusters of MoOx observed from the oxidation, which also agreed with previous work. Atomic oxygen has been predicted to be thermodynamically favorable to replace at chalcogen vacancies or ZZ-Mo edges [17, 32] , which was not obviously detected in our ADF-STEM characterization. And note that we did not find any clear evidence that the MoOx nanoparticles and PMMA residues around the MoS2 flakes have any noticeable contrition to the oxidative etching. Electron energy loss spectroscopy (EELS) also failed to confirm the existence of atomic oxygen, owing to the limitation of both the electron microscope and samples: (i) The oxygen signal may be attributed to the residual MoOx during the growth or the residual PMMA during the transfer of graphene.
(ii) Atomic resolution EELS is needed for the atomic oxygen at the edge or absorbed in S vacancies, which is far beyond the energy resolution of our microscope. (iii) High probe current and S/N ratio are also necessary, which may cause a relatively high damage rate for the 2D materials. The detailed study on the existence of oxygen requires further experimental investigations.
Conclusions
In summary, we have reported the "in-situ" oxidative etching on MoS2 monolayers grown on a 
